ABSTRACT: The mitochondrial DNA (mtDNA) control regions of 125 domestic dogs (Canis familiaris) encompassing 43 breeds, as well as one coyote and two wolves were sequenced and subsequently examined for sequence variation in an effort to construct a reference dog mtDNA data set for forensic analysis. Forty informative variable sites were identified that described 45 haplotypes, 29 of which were observed only once. Substantial variation was found both within and among breeds in the mtDNA derived from tissue, indicating that analysis of the mtDNA derived from dog hairs could be a valuable, discriminating piece of evidence in forensic investigations. The dog data set single nucleotide polymorphisms (SNPs) ranged from having one to six changes on a phylogenetic tree. On average, there were 1.9 character changes for each variable position on the tree. The most variable sites (with four or more changes each, listed from the most changes to the fewest) observed were 15,639 (L 5 6), 16,672 (L 5 5), 15,955 (L 5 4), 15,627 (L 5 3), 16,431 (L 5 3), and 16,439 (L 5 3). These sites were consistent with other reports on variable positions in the dog mtDNA genome. A total of 26 SNPs were chosen to best identify all major clusters in the domestic dog data set. The descriptive analyses revealed that this data set is similar to other published canine data sets and further demonstrates that this domestic dog data set is a useful resource for forensic applications. This reference data set has been compiled and validated against the published dog genetic literature with an aim to aid forensic investigations that seek to incorporate mtDNA sequences and SNPs from trace evidence such as dog hair.
The first published mitochondrial DNA (mtDNA) genome of the domestic dog (Canis familiaris) contains 16,727 bp (1) with the control region (CR, see review in (2)) spanning positions 15,458-16,727 (1270 bp). While the dog mtDNA genome closely resembles the mtDNA genome of other mammals, the dog (and related canids) mtDNA CR differs due to the presence of a 10 bp repeat unit (5 0 -GTACACGT(A/G)C-3 0 ) that begins at base 16,130 and varies in number and sequence both within and among individuals. The CR of dog mtDNA, like that of human mtDNA, has been the focus of a number of studies investigating the variation among individuals. Previous studies (1) (2) (3) (4) (5) (6) (7) (8) (9) have revealed more than 100 single nucleotide polymorphisms (SNPs) throughout the mtDNA CR of the domestic dog. Additional studies that have focused on the evolutionary genetics of dogs and the history of their domestication (5, 6, (10) (11) (12) (13) (14) have provided important genetic information pertinent to forensic applications. These studies have examined dog breeds from Europe, Asia, Africa, Siberia, India, America, and Japan (5, 6, (10) (11) (12) (13) (14) and have identified SNPs, haplotypes, and haplogroups that are defined by variable mtDNA sites observed among individuals (2, 5, 6, 9, 10, 14) . Furthermore, the utility of mtDNA sequence information to forensic casework has been demonstrated for dog hairs and saliva (3, 8, 9, 15) . For example a recent dog database examined 109 dogs for 573 bp of the 5 0 end of the control region with animals from Germany, Sweden, and Europe, and compared those samples with others from Japan, China, and the United Kingdom. However, despite previous reports on the sequence and utility of dog mtDNA, there is still a need for a publicly available United States reference data set for forensic analyses. In addition, further investigation of the variation along the entire CR, a validation of SNP sites against known genetic data, and additional examination of both intrabreed and interbreed variation are needed.
The reference database presented here contains the complete dog mtDNA CR sequences, variable SNPs, and haplotypes of 125 U.S. domestic dogs and three wild canids. The addition of detailed phylogenetic analyses to the sequence comparisons allowed for the identification and confirmation of informative variable sites. The variation reported herein was compared with the published dog genetic data (1) (2) (3) (4) (5) (6) (7) (8) (9) in order to determine whether or not the genetic variation in this reference database was typical of other domestic dogs. While previous studies (1-9) rarely examined more than two individuals per breed, the current study includes broader sampling within two selected breeds (Golden Retrievers and Labrador Retrievers, with n 5 34 and n 5 30, respectively) in order to examine the additional variation uncovered with broader intrabreed sampling. This diverse data set, including full mtDNA CR sequences, detailed phylogenetic analyses, and validation against previously reported data, allows for further assessment of the genetic variation in the mtDNA CR of domestic dogs. This data set therefore provides a valuable forensic asset, additional data for a dog mtDNA CR reference database, and a developing tool for the examination of a common piece of trace evidence, namely shed dog hair.
Methods
One hundred and twenty-five dogs of 43 breeds (Tables 1 and 2) were sampled, including Alaskan Husky (n 5 1), American Eskimo Dog (n 5 3), American Spitz (n 5 1), Anatolian Shepherd Dog (n 5 2), Basset Hound (n 5 1), Beagle (n 5 1), Belgian Sheepdog (n 5 1), Border Collie (n 5 2), Boxer (n 5 2), Brittany (n 5 1), Cairn Terrier (n 5 1), Chesapeake Bay Retriever (n 5 2), Chihuahua (n 5 1), Chow Chow (n 5 2), Cocker Spaniel (n 5 2), Dachshund (n 5 1), Dalmatian (n 5 1), Doberman Pinscher (n 5 2), English Bulldog (n 5 1), English Springer Spaniel (n 5 1), English Terrier (n 5 1), German Shorthaired Pointer (n 5 1), Golden Retriever (n 5 34), Great Dane (n 5 2), Greyhound (n 5 1), Husky (n 5 2), Kerry Blue Terrier (n 5 1), Labrador Retriever (n 5 30), Lhasa Apso (n 5 3), Maremma Sheepdog (n 5 2), Miniature Schnauzer (n 5 2), Old English Sheepdog (n 5 1), Pug (n 5 1), Rottweiler (n 5 2), Shar Planinetz (n 5 2), Siberian Husky (n 5 1), Soft Coated Wheaten Terrier (n 5 1), Staffordshire Bull Terrier (n 5 2), Standard Poodle (n 5 2), Toy Poodle (n 5 1), West Highland White Terrier (n 5 1), Whippet (n 5 1), and Yorkshire Terrier (n 5 2), as well as two gray wolves (C. lupus), and one coyote (C. latrans). Thirty-seven of the dog breeds are recognized by the American Kennel Club and thus are well established in the United States. The interbreed analysis was comprised of 61 dogs covering 41 breeds (n 5 1-3 per breed). This includes all of the convenience samples collected except for those in the intrabreed analysis. The intrabreed analysis was based on a larger sampling of unrelated individuals from two select common breeds (Golden Retrievers [n 5 34] and Labrador Retrievers [n 5 30]).
Tissue samples (blood, heart, liver, testis, and uterus) were collected from dog breeders and veterinary clinics at various locations (Unknown n 5 3, Texas n 5 62, Massachusetts n 5 51, Michigan n 5 7, Italy n 5 2, wolves from Minnesota and North West Territories Canada, coyote from Texas) and stored at À 701C. The unextracted tissues were rinsed with ethanol and ddH 2 O, and c. 0.5 cm 3 was digested at 561C for 2 h in 300 mL extraction buffer (10 mM Tris, 100 mM NaCl, 39 mM DTT, 10 mM EDTA, 2.0% SDS) and 1.2 U proteinase K (Amresco, Solon, OH). Residual tissues were transferred into a Spin-X s extraction tube (Costar s , Corning, NY) and centrifuged for 5 min. A solution of 300 mL of phenol:chloroform:isoamyl alcohol (25:24:1) was added to the filtrate. The samples were then vortexed and centrifuged. The aqueous phase was removed and then purified using a Microcon TM 100 concentrator (Millipore Corp., Bedford, MA). DNA was resuspended in sterile ddH 2 O and quantified by spectrophotometry.
Oligonucleotide primers used to amplify and sequence the canid mtDNA CR were designed based on a dog reference sequence ((1); GenBank accession no. U96639). A primer naming convention was used where the primer name indicates the position of the 5 0 base. Forward primers were defined as F15412 (
, and F16431 (5 0 -CACGCGCGTAAGACATTAAG-3 0 ). Reverse primers were defined as R15803 (
, and R42 (5 0 -GGCATTTTCAGTGCCTTGCTT-3 0 ). Lyophilized primers (Operon Technologies Inc., Alameda, CA) were resuspended to a concentration of 10 mM in TE (10 mM Tris-HCL, 0.1 mM EDTA, pH 8.0). Primers F15412 and R42 are positioned outside of the CR and were used for amplification. All primers were used in sequencing reactions to generate overlapping bidirectional sequences covering both strands of the entire CR (Fig. 1) . One nanogram of total genomic dog DNA was used to amplify the entire CR in a 25 mL reaction volume containing the following reagents: 200 mM of each dNTP (Applied Biosystems, Foster City, CA), 0.6 mM each of primers F15412 and R42, 5 U AmpliTaq Gold DNA polymerase (Applied Biosystems), 0.16 mM BSA, and 1 Â GeneAmp TM PCR Buffer containing MgCl 2 (Applied Biosystems). Amplifications were conducted in a GeneAmp s 9700 PCR System thermal cycler (Applied Biosystems), and consisted of denaturation for 11 min at 951C, followed by 30 cycles of 1 min at 941C, 1 min at 601C, and 2 min at 721C, plus a final incubation for 60 min at 601C. Genomic dog DNA (Novagen Inc., Madison, WI) was used as a positive control and sterile ddH 2 O as a negative control. ExoSAP-IT TM (USB, Cleveland, OH) was used according to the manufacturer's instructions for inactivation and removal of residual dNTPs and primers from the reaction before sequencing. Cycle sequencing was performed using an ABI PRISM TM dRhodamine Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) according to the manufacturer's instructions. The sequencing primers were the same as those listed above. The sequencing reaction (containing 7 mL of the amplified DNA, 3.5 mL primer [at 1 mM] and 9.5 mL Ready Reaction mix) was carried out in a GeneAmp s 9700 PCR System thermal cycler and consisted of denaturation for 1 min at 961C, followed by 25 cycles of 15 sec at 961C, 1 sec at 501C, and 1 min at 601C, followed by a hold at 41C until the next step. Following the sequencing reaction, the samples were filtered through a CentriSep 96-well filter plate (Princeton Separations, Adelphia, NJ) according to the manufacturer's instructions. The samples were then dried in a speedvac for 15 min and resuspended in 10 mL Hi Deionized Formamide (Applied Biosystems). The sample was then heated for 2 min at 951C and then chilled on ice. An ABI PRISM TM 310 Genetic Analyzer (Applied Biosystems) was used for sequencing. Instrument parameters included a 1 mL syringe, a POP-6 TM (Applied Biosystems) polymer, a 47 cm capillary, a 1 Â Genetic Analyzer buffer containing EDTA (Applied Biosystems), a POP6 (1 mL) Rapid E run module, a DTPOP6 (dR set-any primer) mobility file, and a CE1 base caller. The running parameters included a 10-sec injection, a 2.0 kV injection, a 15 kV run, a 501C run temperature, and a 35-min run time. Sequencing Analysis v. 3.4.1 (Applied Biosystems) was used to analyze the raw data and Sequencher v.4.1.2 (Gene Codes, Ann Arbor, MI) was used to make final base decisions and to edit and assemble the final CR sequences.
All sequences are available at the National Center for Biotechnology Information website in the GenBank database (http://www.ncbi.nlm.nih.gov/Genbank/index.html) under accession numbers AY240030-AY240157.
Sequence variants, haplotypes, and haplogroups are reported relative to a reference sequence (1) and in a manner similar to that used for human mtDNA (16) (17) (18) (19) (20) (21) . Variable positions were identified using the Winclada and NONA software (22, 23) available at www.cladistics.com and named relative to the dog reference sequence just as human mtDNA studies have utilized the Cambridge reference sequence (24) to facilitate communication and nomenclature.
Phylogenetic analyses were performed using WinClada and Nona software. The CR sequences were aligned according to standardized rules for human mtDNA sequence alignments (16, 17) and the aligned sequences were imported into the phylogenetic software. The repeat region was excluded from phylogenetic analyses and was not used in counts of the number of haplotypes or overall diversity due to the large amount of variation and the likely presence of heteroplasmy. Parsimony ratchet analysis of 2000 iterations was performed on the alignment and the most parsimonious tree(s) was used for all subsequent analyses. The coyote and wolf sequences were used as outgroups. The variation observed for canids was compared with a U.S. Caucasian data set (18) to assess the relative discriminating ability of mtDNA CR in dogs versus humans.
The most informative and variable sites for the dog CR sequences were determined by analysis and inspection of the phylogenetic tree. Estimates of the character length and retention index (Ri) were used in determining whether the variable sites were informative. Character length is the number of times a character is observed to change across the tree. Retention index is a measure of character congruence; hence, if a character arose once and defines all members of a clade then that character will have an Ri of 100. If there are any reversals or independent gains then the Ri is o100, and has a score of 0 if all character changes independently arose. Sites that were variable in two or more data samples were listed as phylogenetically informative, while sites that distinguished clusters of four or more samples and showed a low number of independent gains and/or reversals were considered to be highly informative.
Results
Complete mtDNA CR sequences were generated for all 128 canid samples (125 dogs, two gray wolves, and one coyote). Con- trol region sizes ranged from 1225 to 1422 bp (Table 3) , with the largest sequence found in a Chesapeake Bay Retriever sample that contained a 67 bp insertion at position 15,597 (5 0 -CCCCTAT GTACGTCGTGCATTAATGGTTTGCCCCATGCATATAAGC ATGTACATAATATTATATCCT-3 0 ). A total of 97 variable sites were found along the length of the CR excluding the repeat region and not counting the 67 bp insert. Of these variable positions, 40 were phylogenetically informative in two or more dogs (Table 4) . Thirty-three of the variable positions were also reported in a study of Japanese native dog breeds, which identified a total of 42 informative variable sites (4, 5) . After independent phylogenetic analysis of data in GenBank, 23 of the most informative sites in the Okumura et al. (5) study were also the most informative in the current data set. In the complete sequence comparisons of all 128 individuals, 45 haplotypes were observed, and of these, 29 were observed once (Tables 1, 2 and 5). The coyote and wolf haplotypes were both unique as well in this data set. No discernable relationship between breed and haplotype (or repeat number) was discovered with this data set, a finding similar to that reported in all other published dog mtDNA data sets (3) (4) (5) (6) 9, 25) .
The intrabreed study included the sequences of 34 Golden Retrievers and 30 Labrador Retrievers. Twenty-one variable and informative sites were observed in this study, with 19 of the sites shared by both breeds. All of the shared sites were highly informative (15,526, 15,595, 15,612, 15,620, 15,627, 15,632,   15,639, 15,643, 15,652, 15,800, 15,815, 15,912, 15,955, 16,003 (Table 2) for Golden Retrievers (haplotype #26) was observed in 17 individuals and the second most common (haplotype #16) was observed in nine individuals. The most common haplotype for Labrador Retrievers (haplotype #27) was observed in 14 individuals. Two haplotypes (haplotypes #16, 24), each of which was observed in four individuals, were the next most common. It will take additional sampling to determine whether this pattern of genetic variation continues for other breeds.
The interbreed comparisons excluded the Golden and Labrador Retrievers, and thus included 61 individuals consisting of 41 breeds (Table 1 ). These sequence comparisons identified an additional 19 informative positions, for a total of 40 informative sites (Table 4) . Twenty-six informative variable sites (shaded in Table  4 ) were determined to be highly informative. Among breeds, the genetic diversity was 0.977 and the random match probability was 3.87%. The most common haplotype (haplotype #16) was observed in eight individuals and the second most common consisted of two haplotypes (haplotypes #39 and 42), each of which was observed in six individuals.
Length heteroplasmy was found in the region containing 10 bp tandem repeat units beginning at position 16,130. The number of repeat units ranged from 25 to 38 (Table 3) , the most common being 28 repeats (n 5 29) and average 30.3 repeats. All individuals were variable in the ninth position and two individuals (Beagle, Yorkshire Terrier) were variable in the 10th position of the repeat. The sequence reads after the repeat region for some samples were out of phase (data not shown), a pattern that is consistent with the presence of length heteroplasmy in humans (19, 26) . As length heteroplasmy typically is not utilized in forensic databases, this additional information is not included in the current dog reference data set (16, 17, 19) .
Another known CR length variant, referred to as a T-stretch, is recorded where the reference sequence (1) has eight Ts beginning at position 16,664. In the current data set, seven different variants of this T-stretch region were observed as follows ( 6, 8, 9 ). In some cases, the T-stretch contained nine Ts either as a result of an insertion at 16671.1T (haplotypes #12, 14, 15, 18) or by a transition at position 16672T (haplotypes #1, 11, 13, 16, 17, 19, 21-29, 34, 36, 44). The insertion of two C residues before the T-stretch was also observed (haplotypes #21-29, 44). This region sequenced smoothly regardless of the C and T-stretches.
Discussion
The goals of this study were to develop a reference mtDNA CR database, to identify informative variable sites along the entire TABLE 3-Summary of the lengths of the CR in 128 canid samples.
Length (bp)
Repeats n   1225  25  1  1235  26  1  1242  27  1  1243  27  1  1252  28  2  1253  28  12  1254  28  2  1255  28  11  1256  28  2  1262  29  3  1263  29  7  1265  29  5  1266  29  1  1268  29  1  1272  30  5  1273  30  12  1274  30  1  1275  30  6  1277  30  1  1282  31  3  1283  31  5  1284  31  1  1285  31  8  1287  31  1  1292  32  1  1293  32  7  1294  32  1  1295  32  9  1303  33  2  1305  33  1  1313  34  5  1314  34  1  1315  34  2  1316  34  1  1323  35  1  1325  35  3  1422  38  1 Length of the CR, number of 10 bp repeat units, and number of individuals are listed.
CR, control region.
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CR, and to document and validate the important variable sites that discriminate the major haplogroups of the domestic dog. An important aspect in the development of a reference database is to establish a common nomenclature. Previous reports containing dog CR sequence variation have not developed a common nomenclature for describing observed genetic variation. However, Periera et al. (2) recently recommended several rules for reporting dog sequence variation and adopted a nomenclature system based on that used by the forensic community for reporting human mtDNA CR sequence variation. The key element suggested by Periera et al. (2) , and implemented in the current study, is that a reference sequence should be defined and any variation from that sequence is reported. By developing a common nomenclature, much of the human mtDNA forensics community has been able to speak with one voice and enhance communication among laboratories (16) (17) (18) (19) (20) (21) . Therefore, these nomenclatural practices should be extended to all species, including dogs (2) . Importantly, as issues of sequence alignment are essential for a consistent nomenclature of genetic variation in dogs, the current data set follows those rules recommended for human CR sequences (16,17,19 ).
The current study is the largest reported data set to date that covers the entire CR, with sequence data obtained for 128 canid samples, including 125 dogs from 43 breeds, and three wild canids. All SNP sites were categorized into two groups based on the level of discrimination they provided in separating canine haplotypes from one another. Sites that were variable in two or more data samples were considered as informative, while sites that distinguished clusters of four or more samples and showed a low number of independent gains and/or reversals were identified as highly informative phylogenetically. Of the 40 variable informative characters observed in this database, 26 were highly informative and important for distinguishing among dog haplotypes. Site 15,639 showed the greatest variability.
Importantly, the sequence data obtained here were compared with previous forensic and genetic studies. Of the 116 variable CR sites reported previously (3) (4) (5) (6) 8, 9, 27) , 34 were informative and 26 were highly informative in the interbreed study (Table 4) presented here. Interestingly, 24 of the highly informative sites are found in both the dogs sampled here and in the Okumura et al. (5) study, indicating that the informative sequence variants found herein are useful for a wide variety of dogs from disparate geographic areas. The interbreed analyses here revealed four phylogenetically informative sites (15, Individuals within a particular breed are more likely to be genetically similar due to inbreeding, and thus of concern to forensic analysis and interpretation. As expected, the genetic diversity and number of differences were greater among breeds than they were within breeds. In intrabreed comparisons, the Labrador Retrievers had a higher genetic diversity than the Golden Retrievers examined. The intrabreed study revealed one site (16,032) that was unique to four of the Labrador Retrievers (haplotype #24). As this site was also observed in one American Eskimo Dog (haplotype #30) in the interbreed study, no additional informative SNPs were uncovered by the sequencing of extra dogs within a breed than had been discovered in interbreed comparisons which included one to three individuals per breed. One may not need to carry out extensive within-breed sampling if limited sampling shows few differences.
In addition to identified SNP sites, the sequence and length variability in the 10 bp repeats (beginning at position 16,130) is consistent with that reported previously (28, 29) . The variation in the number and sequences of these repeats suggests that these data may be useful for discriminating among individuals. However, other studies have found that the number of repeat units differs within individual hairs, along the shaft of a single hair, and among tissues (28, 29) . Owing to these reported levels of variation, the repeat region was not included in our analyses, although further study is warranted. The current data set also reveals sequence variation in the CR T-stretch, which has not been described previously in the literature, in part because analysis of the T-stretch necessitates sequencing the entire CR rather than only the 5 0 portion as most investigators have done.
An interbreed comparison of 64 dogs and the same number of randomly selected human mtDNA CR sequences indicated that more variation exists in humans (data not shown). Dogs have fewer unique haplotypes and fewer informative variants than have been observed in humans, who have approximately three times as many informative sites and twice as many haplotypes as dog samples of comparable size. The presence of more variation in humans could be due to several factors. The dogs examined in this study were all purebred animals, artificially selected for similar phenotypic traits, and thus are likely to share a similar genetic background that reduces their genetic variation. Also, the domestic dog is thought to be a younger species than humans (6, 25) . The current study purposely selected purebred animals to determine whether the mtDNA CR could be used to associate individuals to a particular breed. Future work should sample more dogs including mixed-breed animals as they also could become the focus of a forensic investigation. However, preliminary evidence in the literature indicates that it is unlikely that Mongrel Dogs or MixBreed dogs will be significantly different from purebred animals, at least over the CR region of mtDNA (9).
In conclusion, this new database of information for determining domestic dog haplotypes will provide a useful baseline for forensic analyses of the dog mtDNA CR. Full-length CR sequences add additional variation as it does in humans and is therefore warranted. The interbreed data reveal that there are 26 informative SNPs within the CR that can be useful to determine the haplotype in forensic determinations of whether a particular dog can be included or excluded as a possible source of an evidentiary sample. The overall consistency of the dog data set with other published sequences supports the utility of this data set for forensic applications.
